Abstract. The dominant pattern of tropical and subtropical North Atlantic sea surface temperature (SST) anomalies simulated in the GFDL coupled ocean-atmosphere model is identified and compared to observations. The spatial pattern and temporal variability of that pattern resemble observational results. On interannual time scales it is shown that anomalous surface heat fluxes, consistent with variations in the intensity of the subtropical high pressure system in the atmosphere and the associated Northeasterly Trade winds, appear to be the most important process for generating this SST pattern. This relationship is also true on decadal time scales, although the relative role of oceanic heat advection is somewhat larger than on the interannual time scales.
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SST variations in the tropical Atlantic with SST variations in a 200 years long climate simulation with the global coupled ocean-atmosphere model developed at the Geophysical Fluid Dynamics Laboratory (GFDL). It was shown in MD that the model-generated decadal SST variations in the tropical Atlantic resemble the observed decadal SST variations. Further, this preliminary analysis also showed that there is little coherence between model-generated decadal SST variations on the two sides of the Equator.
The purpose of the present work is (a) to further clarify characteristics of the model-generated decadal SST variations in the tropical and sub-tropical North Atlantic in light of the more fiecent analyses of observations and (b) to analyze the physic!; of these model-generated decadal variations. We ask the following questions: (I) Do the decadal SST anomalies in the mo1jel show characteristics similar to the observed decadal SST anomalies? (2) What is the relationship among simulated anomalies in SSTs, sub-surface ocean temperatures, sea level pressure, near-surface winds, and ocean-atmosphere heat fluxes? (3) Which physical processes appear to be most important for generation of the decadal SST anomalies? 2. Des:cription of Model and Numerical Experiments
Introduction
Sea surface temperature (SST) variations in the tropical Atlantic influence climate over the neighboring continents at interannual to decadal time scales [see Mehta ( 1 998) and references therein]. Decadal scale SST and associated climate variations also have the potential to interact with anthropogenic climate change. Therefore, it is important to understand the physics of these SST variations and assess their predictability.
Over the last decade, analyses [see, for example, Houghton and Tourre, 1992; Mehta and Delworth, 1995; Enfield and Mayer, 1997; Mehta, 1998 ] have shown that interannual SST variations in the tropical Atlantic are approximately independent on the two sides of the Equator. Recent analyses [Mehta, 1998 ; hereafter referred to as M98] have also shown that decadal scale SST anomalies in the tropical Atlantic are largely independent on the two sides of the Equator. Further, the decadal SST anomalies rotate anticyclonically around each basin (North and South Atlantic) in the sub-tropical ocean gyres, occasionally expanding across the Equator. Various spectrum analyses of these long SST time series do not always show statistically significant spectral peaks at decadal time scales in the North Atlantic. In apparent contrast, decadal spectral peaks are much stronger in the tropical South Atlantic.
In order to assess whether numerical models simulated such variability, Mehta and Delworth [1995] (hereafter referred to as MD) compared the then-available observations of decadal Copyright 1998 by the American Geophysical Union.
The coupled ocean-atmosphere model used in this study is identic:ll to that described in detail by Manabe et at. [1991] . The model is global in domain, with realistic geography consistent with resolution. The model is forced with a seasonal cycle of insolation at the top of the atmosphere. The atmospheric component numerically integrates the primitive equations o:F motion using a semi-spectral technique in which the variabll~s are represented by a set of spherical harmonics and by couesponding grid points with a typical spacing of 7.50 longitude and 4.50 latitude. There are nine unevenly spaced levels in the vertical. The oceanic component of the model uses a finite difference technique with twelve unevenly spaced levels in the vertical, and a horizontal resolution of approximately 3.70 longitude and 4.50 latitude. The model atmosphere and ocean interact through fluxes of heat, water, and momellitum at the air-sea interface.
In order to reduce climate drift, adjustments to the modelcalculated heat and water fluxes are applied at the air-sea interface. These flux adjustments are derived from preliminary integraltions of the separate atmospheric and oceanic components [see M anabe et ai., 1991, for details].
Aftel: preliminary integrations to achieve an initial condition in approximate equilibrium, the model was integrated for
Paper number 98GLO2188. 0O94-8534/98/98GL-O2188$O5.00 a period of 1000 years. The output from this integration fonns the main dataset for the analyses presented below. ance at low frequencies than at high frequencies), with weak peaks in the decadal range. These peaks do not substantially exceed an estimate of the 95% confidence limits. The relationship between this pattern of SST variability and other oceanic-atmospheric quantities can be ascertained by computing linear regressions of the form y = ax + b, where the independent variable (x) is the SST EOF 1 time series. and the dependent variable (y) is some other oceanic-atmospheric quantity. We compute "a" (slope of the regression line; we refer to this as the regression) to denote the change in "y" for a unit change in "x". Shown in Figure 2 are regressions between sea level pressure (SLP) and the EOF time series (shown by the contours) as well as between atmospheric near-surface winds and the EOF time series (indicated by the vectors). The pattern of SLP variability is characterized by a surface low pressure center to the north of the maximum SST anomalies, suggesting that the atmosphere plays a substantial role in this pattern of oceanic variability. The associated near-surface wind anomalies indicate a reduction in the Northeasterly Trade Winds over the region of positive SST anomalies, which can reduce the latent heat flux from the ocean to the at- 
Ocean Heat Budget Analysis
This, in turn, reduces ithe southward advection of relatively cold water in the eastetn portion and the northward advection of relatively warm wa~er in the western portion of the subtropical North Atlanticf This leads to a warming off the west coast of Africa and a c~ling off the east coast of the U.S. The anomalous atmospheri4 circulation also reduces the upwelling of colder, sub-surface iwater off the coast of Africa, further warming the near-surfape water in that region. In order to explicitly examine decadal SST variations, the above set of analyses ~re repeated after filtering the SST and heat budget terms with 5 to 30 year band pass filter. The first EOF of SST (not show) strongly resembled the results from the unfiltered analyses The regressions for the air-sea heat fluxes and the heat ad ection are shown in Figure 3 . For the filtered data, the relativ contribution of the advective terms is somewhat larger than or the unfiltered data, suggesting that oceanic advective proc~sses in this model are more important for this pattern of varia~ility on the decadal time scale than on the interannual (unfiltered) time scale. However, even on the In order to quantify the relative contributions of various processes in generating this pattern of SST variability, linear regressions were computed between the terms in the upper ocean heat budget equation and the time rate of change of the EOF I time series. Noting that the time series of SST at an individual grid point can be expressed as
where EOFTSj is the time series for EOF "i", "M" is the number of grid points, and (EOFj) is the eigenvector value for EOF "i" at an individual grid point, the heat budget of the uppermost model oceanic layer can be expressed as,
The heat capacity of the layer is given by C (=mass of the layer tiTes the specific heat), ~ is the three dimensional velocity, VT is the three dimensional gradient of temperature, LH and SH are the latent and sensible heat fluxes from the ocean to the atmosphere, R is the net radiative forcing at the surface, "Convt" is the equivalent heat flux corresponding to the temperature change due to oceanic convection, "Diffusion" is the equivalent heat flux corresponding to the sum of horizontal and vertical diffusion, and "Adjustment" represents the heating due to the flux adjustments. All terms can be expressed in W m-2 for a 50.9 m. layer (the thickness of the uppermost layer of the ocean model), and were estimated from monthly mean model output. The flux adjustments are precisely the same from one year to the next, so that there are no interannual anomalies of the flux adjustment term.
The contribution of the various terms in (I) to the generation of the spatial pattern in Figure la is estimated by computing regressions of the heat budget terms versus the temporal derivative of the time series of EOF I. There is a clear similarity between the spatial pattern (not shown) of the heat flux variations (the sum of the sensible, latent, and radiative components) and the pattern of SST anomalies shown in Figure  la , suggesting that anomalous surface heat flux variations help to drive the pattern in Figure I a. The weakening of the Northeasterly Trade Winds (indicated in Figure 2 ) reduces the latent heat flux from the upper ocean layer to the atmosphere, thereby warming that ocean layer. Analyses of the individual terms (not shown) of the surface heat flux reveal that the latent heat flux variations are the most important for this pattern of variability. The largest SST anomalies occur in the same locations as the largest surface heat flux anomalies.
Regressions of the heat advection (not shown) also resemble the SST pattern in Figure la , but the magnitudes of the regression coefficients are generally smaller than the surface heat flux terms. Physically, the weakening of the atmospheric sub-tropical high pressure system and associated reductions in the surface pressure gradient alter the atmosphere to ocean momentum flux and weaken the oceanic sub-tropical gyre.
physical mechanism identified in this modeling study (latent heat flux forcing) plays a large role in the real climate system. The results of a recent ocean modeling study support this [Carton, 1996] , as do recent analyses of observational data [Enfield and Mayer, 1997] . The results of Chang [1997] also stress the important role of anomalous heat fluxes.
A number of questions remain regarding tropical Atlantic variability in general and these model results in particular.
(1) Is the pattern of SST variability discussed here part of a coupled air-sea mode involving two-way interactions? (2) Is there a discernible decadal time scale in tropical North Atlantic SSTs? Both model and observational results suggest a weak decadal peak which does not stand out against background noise if commonly employed statistical techniques are used. Analyses of this and other coupled ocean-atmosphere models are in progress to address these questions.
decadal scale the ocean-atmosphere heat flux term was still substantially larger than the advective term.
The above results suggest that for this model and this pattern of SST variability, the relative contribution of the advective terms is smaller than that of the ocean-atmosphere heat flux. It must be noted, however, that in this model the simulated oceanic currents are substantially weaker than the observed currents. Thus, it is certainly possible that in a model with stronger oceanic currents the relative role of the oceanic heat advection terms could be substantially larger than suggested by the present model results. Efforts to explore this issue are currently underway with a higher resolution coupled model.
The above results were strengthened by examining the output from an additional experiment in which the same atmospheric model was coupled to a 50 m. deep "slab" ocean. This simple ocean model interacts with the atmosphere through exchanges of sensible, latent, and radiative heat fluxes. In addition, a seasonal cycle of heat flux convergence is prescribed at each grid point to mimic the effects of oceanic heat transports which are not represented in the "slab" model; this helps to create a seasonal cycle of SSTs in the "slab" model which is similar to that in the fully coupled model. A 500 year integration was performed with this model, and the output was analyzed. The pattern of SST variability shown in Figure la is also present in this model (not shown; the pattern appears as the second EOF), confirming that this pattern of variability can be generated through variations in air-sea heat fluxes without interannual variations in oceanic heat advection.
Since the observed decadal SST anomalies were found to rotate anticyclonic ally around the North Atlantic [Hansen and Bezdek, 1996; Sutton and Allen, 1997; M98) , complex EOF analysis was applied to the fully coupled model SSTs. The results (not shown) show a small tendency for SST anomalies to propagate anticyclonically around the sub-tropical gyre in the North Atlantic. In order to further explore this, complex EOF analysis was also conducted on ocean temperatures at model level 2 (a depth of 85 m.). The results (not shown) indicate sub-surface temperature anomalies rotating around the subtropical gyre. It remains an open question why the rotation of simulated ocean temperature anomalies is so evident in the sub-surface layer but not at the surface, and whether these rotating anomalies feed back to the atmosphere.
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